The aim of this study was to determine the response properties of the human visual cortex to chromatic stimuli using magnetoencephalography (MEG). Evoked responses were recorded to isoluminant red/green sinusoidal gratings for a wide range of spatial and temporal frequencies. For each condition the response was dominated by a single major component which was well modeled by an equivalent current dipole. Coregistration of MEG and MRI data provided evidence that the principal evoked cortical activity originated from visual area V1. To investigate the chromatic response properties of this area, the maximum global field power of the evoked response was plotted as a function of stimulus spatial and temporal frequency. The spatialfrequency tuning was lowpass and the temporalfrequency tuning was multimodal, with peaks at 0 and 4 Hz. The results demonstrate the use of MEG as a technique for investigating activity from discrete regions of cortex. r 1997 Academic Press
INTRODUCTION
There are two main pathways from the retina to the primary visual cortex in primates: the magnocellular (M) and parvocellular (P) pathways. There is a general consensus that the M pathway plays an important role in motion processing, although it may also be involved in visual attention (for reviews, see Lennie, 1993; Merigan and Maunsell, 1993) . There is firm evidence that the P pathway processes color information and fine spatial information. Recent physiological (Merigan et al., 1991) and psychophysical studies suggest that the P pathway may also subserve some aspects of motion processing. Merigan et al. (1991) demonstrated that the ability of primates to perform motion tasks, such as direction and speed discrimination, was impaired following chemical ablation of the M pathway in macaque but was not abolished. Anderson et al. (1995) showed that the reversedmotion illusion in human peripheral vision is consistent with spatial aliasing by the P-ganglion-cell mosaic. The ability of the proposed motion center, V5 (Zeki, 1974; Zeki et al., 1991) , to utilize chromatic information has been demonstrated in humans using positron emission tomography (ffytche et al., 1995) . Further evidence that the P pathway conveys motion information comes from psychophysical studies demonstrating a contribution from color-opponent mechanisms to motion perception (e.g., Cavanagh and Anstis, 1991) . Some studies suggest that there may be more than one chromatic motion system (Derrington and Henning, 1993; Gorea et al., 1993a,b; Cropper and Derrington, 1994; Gegenfurtner and Hawken, 1995) , although there is no general agreement on their number or degree of independence.
Our aim in this study was to determine the response properties of the human visual cortex to chromatic (red/green) stimuli using MEG and in so doing investigate further the role of the P pathway in processing motion information (for reviews of MEG, see Hä-mälä inen et al., 1993; Harding, 1993) . MEG cannot be used to measure the spatio-temporal selectivity of individual neurons, but rather measures activity generated by a population of cortical neurons. To establish the selectivity of individual units would require a measure of their spiking rate, although it is unclear that such information provides an optimal measure of neuronal processing. Recordings from area V1 of macaque (Givre et al., 1995) do not show a direct correspondence between changes in multiunit activity and transmembrane current and it was suggested that postsynaptic current flow may occur over larger portions of the cell and therefore be more readily detectable than action potential current flow. MEG measures currents associated with summated postsynaptic potentials; the spatial-frequency and temporal-frequency tuning curves we describe in this study therefore represent increases and decreases in the amount of synchronized neural activity in the localized regions described.
Previous studies have described the evoked response to chromatic stimuli of a range of spatial frequencies (Rabin et al., 1994; Regan and He, 1996) but did not determine the cortical area generating the response. In this study evoked magnetic responses were recorded to a wide range of stimulus parameters and the cortical origin of the evoked response was determined by analyzing both the retinotopic organization and the topographic distribution of the recorded signals and by coregistration of MEG and MRI data. Our results provide evidence for at least two chromatic-sensitive mechanisms in human vision, one responsive at low temporal frequencies and the other at high temporal frequencies, both located within cortical area V1.
METHODS

Stimuli
Sinusoidal stimuli were generated using a Cambridge Research Systems VSG2/2 grating generator and displayed on an Eizo Flexscan T560i color monitor with 14-bit luminance resolution at a frame rate of 100 Hz. The chromaticity coordinates of the display were r x 5 0.625, r y 5 0.340, g x 5 0.280, g y 5 0.595, b x 5 0.155, and b y 5 0.070. The mean luminance of the display was 12 cd/m 2 , measured with a Minolta photometer, and the gamma-corrected display was linear over the range of contrasts used. Red and green gratings of 100% contrast (L max 2 L min /L max 1 L min ) were generated independently and combined 180°out of phase to produce physically isoluminant red/green gratings. For all observers there were no stimulus conditions for which the point of perceptual isoluminance, determined using standard flicker criteria, differed significantly from the point of photometric isoluminance. The red and green gratings were also combined in phase to produce yellow/ black gratings of the same mean hue and luminance. This stimulus was used as a control to ensure that the chromatic responses did not arise from luminance artifacts.
The gratings were presented horizontally using a temporal envelope of 1 s duration with onset and offset ramps of 10 ms. The interstimulus interval was 500 ms, during which the gratings were replaced with a homogeneous background of the same mean hue and luminance. The spatial frequency of the gratings was varied between 0.25 and 8 c/d. The gratings were presented either stationary or drifting with a temporal frequency of up to 40 Hz. The stimuli were viewed binocularly at a distance of 3 m through a system of front-silvered mirrors and subtended 4°vertically by 6°horizontally. To determine the effect of the number of cycles displayed, a control experiment was performed in which the field size was doubled by reducing viewing distance to 1.5 m. A 6-mm-diameter circle served as a fixation mark.
Procedure
Two females (FF and KL) and two males (IH and KS) volunteered for the experiment. Their ages ranged from 26 to 39 years and all had normal visual fields and color vision and a normal or corrected-to-normal binocular Snellen acuity of 6/6. The experiments were performed binocularly. Responses were sampled at 1 kHz for 512 ms, and 100 trials were averaged for each stimulus condition. The resultant signals were bandpass filtered at 2-30 Hz. To establish the retinotopicity of the evoked response, the stimuli were confined to a single quadrant of the visual field for any one set of trials. To restrict input to a discrete region of cortex, and to prevent activation of multiple regions of cortex due to dual representation of the horizontal and vertical meridians, the stimuli were displaced 0.5°from the principal meridians.
The visual evoked magnetic response was recorded using a SQUID magnetometer with 19 channels in a hexagonal array which extended 13 cm over a flat dewar base with 3-cm channel spacing. Each channel comprised a second-order axial gradiometer with 5-cm baseline and a 1.5-cm coil diameter and the mean noise level was 23 fT/oeHz. For further details of this system, see Matlashov et al. (1995) . The magnetometer was housed in a magnetically shielded room with low photopic lighting. The position of each channel within a standard coordinate system was predetermined using a Polhemus Isotrak three-dimensional digitizing system. The subjects were seated with their head prone and stabilized using a bite bar and forehead rest. The dewar was centred above EEG 10-20 electrode position Oz as preliminary measures showed that this position yielded strong responses to chromatic stimuli. To ensure comparability of measurements within each experiment, all data were collected with the dewar in a constant position. For each experimental session the position of the subject's bite bar, and therefore head, was digitized and converted to the standard coordinate system. Four bite-bar reference markers (oil-filled drill holes) appeared as small, white spots on the magnetic resonance images (MRI) allowing accurate coregistration of MEG and MRI data (Singh et al., 1997) . The MRIs were obtained using a 1.5-T Siemens magnetic resonance scanner with 1 mm 3 1 mm 3 1.5 mm voxel size.
Data Analysis
Estimates of the noise magnitude, s i , in each channel i were obtained using a standard anti-average procedure in which successive trials are alternately added and subtracted, canceling the evoked response while retaining the noise (Regan, 1989, p57) . For each of the averaged evoked responses, the global field power G(t) was calculated as
where B i (t) is the signal in channel i at time t. The global field power is therefore a measure of the total power in the detector array at time t. Peak latencies for each response were identified by plotting G(t ) as a function of time. The noise magnitude s i provided an estimate of the error in G(t).
We determined the chromatic response properties of area V1 by plotting the maximum value of G(t) as a function of spatial frequency and temporal frequency. This procedure assumes that the evoked responses reflect activity in the same cortical area and is appropriate given that all recordings for each measurement set were made with the recording sensors in the same location with respect to the underlying cortex. To confirm that the responses arose from the same cortical region, source localizations were performed to identify the generating cortical volume for each stimulus parameter used. The source localization model used was a single equivalent current dipole in a homogeneous conducting sphere (Hämälä inen et al., 1993) . The dipolefitting algorithm is a nonlinear minimization (Mosher et al., 1992) of the weighted x 2 statistic with respect to the dipole parameters using Powell's conjugate gradient method (Press et al., 1989) , where
and B i (t) is the calculated field from the postulated dipole. Dipole solutions were accepted as being valid if two criteria were met: first, that the correlation coefficient between the measured and the calculated fields exceeded 0.95; and second, that the probability that the final x 2 value occurred by chance (the gammaQ statistic, see Press et al., 1989) 
Monte-Carlo analysis (Medvick et al., 1990 ) was used to estimate the confidence volume of each source localization. With this method sample datasets were generated by adding simulated noise to the field from the calculated dipole such that the noise in channel i was assumed to be normally distributed with a magnitude of s i . Each of these sample datasets was then inverted using the same dipole-fitting algorithm to yield a spread of localizations. An iterative algorithm was then used to fit a three-dimensional ellipsoid (Singh and Harding, 1996) at the 95% confidence level for the spatial distribution of the localizations. The ellipsoids were displayed on coregistered MR images to show the likely region of activated cortex, located at some point within the ellipsoid.
RESULTS
Evoked Magnetic Response to Isoluminant Chromatic Gratings
The evoked magnetic responses to stationary chromatic (red/green) modulated gratings of 2 c/d are shown in Fig. 1a for subject FF. The response to chromatic gratings was dominated by a single major component peaking at 105 ms, as shown by the global field power plot in Fig. 1b . The latency of this peak was invariant with respect to the visual-field quadrant used and the strongest signals were evoked when the stimulus was positioned in the lower field. The results were similar for all subjects; the latency of the major component varied between 105 and 121 ms. ertically, presented with 10-ms onset and offset ramps for 1000 ms in the right lower quadrant of the visual field (subject FF). Each trace is the average of 100 trials and represents a temporal window of 512 ms. Traces 1-15 are the corresponding active magnetometer channels in the detector array (c). Four of the 19 channels were not operating within acceptable parameters and were therefore excluded from all measurements and analyses. (Fig. 2D) lower quadrants]. The data were well modeled by a single equivalent current dipole (Table 1) , the orientation of which is shown in each field map. For each subject the calculated dipole was located on or near the midline, pointing toward the contralateral hemisphere with an orientation that was dependent on the quadrant stimulated. The dipole orientations vary in a way that is consistent with the cruciform model of primary visual cortex (Jeffreys and Axford, 1972a,b) . Figure 3 shows the 95% confidence regions for the location of the calculated dipoles superimposed on sagittal and coronal MR images for subject FF; the inferior ellipsoid is for upper quadrant stimulation and the superior ellispsoid is for lower quadrant stimulation. The different x 2 values (see Table 1 ) and ellipsoid sizes are consequences of the different signal-to-noise ratios; upper-field stimulation evokes lower fieldstrength signals which produce larger confidence ellipsoids. The confidence regions lie on the midline (upper visual-field stimulation) or displaced slightly toward the contralateral hemisphere (lower visual-field stimulation). The active region of cortex is likely to lie somewhere within this ellipse so that the data does not imply that both hemispheres are activated by the stimulus. The lower visual field projects to the upper surface of the calcarine fissure while the upper visual field projects to the lower surface of the fissure. The systematic shift in dipole orientation with stimulus location and the source localizations shown in Fig. 3 for the principal chromatic evoked reponses lead us to conclude that the activated cortex lies within area V1.
Spatial-Frequency Characteristics of the Evoked
Magnetic Response Figure 4 shows the variation in maximum global field power as a function of the spatial frequency of stationary isoluminant chromatic gratings presented in the right lower visual field for four subjects. The tuning function measured for each subject has bandpass characteristics, peaking at 1-2 c/d and falling to the noise level at 6-8 c/d. Figure 5 shows the latency of the response increases with increasing spatial frequency. This latency ranged from 87 ms (subject FF, 0.25 c/d) to 163 ms (subject KS, 6 c/d), with a mean increase of 27 ms when the spatial frequency increased from 0.5 to 4 c/d.
To examine the effect of the number of stimulus cycles displayed on the magnitude of the evoked response, the experiment was repeated for subject FF using field sizes of 4 3 6°and 8 3 12° (Fig. 6 ). At any Note. Correlations less than 0.95 were regarded as nonsignificant.
FIG. 3.
Sagittal and coronal MR images of subject FF with the 95% confidence intervals for the location of the equivalent current dipole solutions for the chromatic evoked response to right upper (inferior confidence interval) and right lower (superior confidence interval) stimulation at the time of maximum global field power. The confidence ellipsoids lie on the lower (upper-field stimulation) and upper (lower-field stimulation) banks of the calcarine fissure, on the midline (upper-field stimulation) or displaced slightly to the contralateral hemisphere (lower-field stimulation).
given spatial frequency the larger field size (Fig. 6,  triangles) contained twice the number of cycles as the smaller field size (Fig. 6, circles) . The larger field size yielded a stronger response, consistent with the increase in the area of activated cortex. In Fig. 6 the results are normalized with respect to maximum global field power. Bandpass spatial-frequency tuning curves were obtained with both field sizes (Fig. 6a ). Note that above 1.5 c/d the tuning functions are coincident, indicating that the field power is dependent on spatial frequency. However, below 1.5 c/d the response is stronger for the large-field condition, suggesting that the limited number of cycles displayed for the low spatial-frequency gratings contributes towards the observed low-frequency attenuation. Figure 6b plots the normalized magnetic field power as a function of the number of cycles displayed. The functions are coincident for stimulus displays containing less than six cycles of sinusoid and diverge for greater cycle numbers. This indicates that when a small number of cycles are present in the stimulus, the magnetic field power of the response is limited by the number of cycles displayed. 
Temporal-Frequency Characteristics of the Evoked
Magnetic Response Figure 7a shows the variation in global field power as a function of the temporal frequency of 2 c/d isoluminant chromatic gratings presented in the right lower visual field for four subjects (Fig. 7, filled circles) . The function is broadly lowpass, falling to the noise level at 40 Hz. However, note that the magnitude of the response is reduced for temporal frequencies near 1-2 Hz and then increases to a peak near 4 Hz. This pattern is confirmed by the trends in maximum global field power as a function of temporal frequency averaged across the four subjects (Fig. 7b) . The latency of the chromatic evoked response increased gradually with temporal frequency up to approximately 10 Hz and then declined rapidly to a level below that obtained for stationary patterns (Fig. 8) . To exclude the possibility that the responses arose from luminance mechanisms responding to chromatic aberrations within the stimuli, the experiment was repeated using 100% contrast luminance-modulated control stimuli for subjects FF and IH (filled squares in Fig. 7) . The control stimulus yielded low-field-strength signals, typically less than 25% of those obtained with chromatic gratings. Note also that the latency of the response to the luminance modulated control stimulus was independent of temporal frequency and at least 10 ms different from the chromatic response. Therefore it is reasonable to conclude that the responses we obtained with chromatic stimuli cannot be attributed to luminance mechanisms.
Coregistration of MEG and MRI Data
The region of cortex generating the chromatic evoked magnetic responses was determined as described under Methods and confidence regions for the location of the dipole generators were coregistered with both sagittal and coronal MR images. Figure 9a shows the confidence volumes for stationary gratings of spatial frequency 0.5-2 c/d (subject F.F.). Figure 9b shows the confidence volumes for a single test frequency of 2 c/d, with drift rates of 0-16 Hz (subject IH). Note that in all 
FIG. 7. (a)
The closed circles show global magnetic field power (fT) as a function of the stimulus temporal frequency (Hz) for isoluminant chromatic (red/green) gratings presented in the right lower quadrant of the visual field (four subjects). Other conditions as in Fig. 1 . The filled squares show global magnetic field power for 100% contrast luminance-modulated (yellow/black) gratings of the same mean chromaticity and luminance as the chromatic gratings (two subjects). (b) Group-averaged data. Error bars indicate the standard deviation.
images the confidence volumes overlap and their positions are consistent with activity within area V1.
DISCUSSION
The evoked magnetic response to isoluminant chromatic (red/green) gratings was dominated by a single major component (Fig. 1) , the peak latency of which depended on the spatio-temporal parameters of the stimulus. Analysis of this major component showed that the evoked responses were well modeled by a single equivalent current dipole (Table 1 ) located in cortical area V1 (Fig. 9) , with the upper field projecting to the lower surface of the calcarine fissure and the lower field projecting to the upper surface (Fig. 3) . We show that luminance artifacts could not give rise to these responses (filled squares in Fig. 7) and conclude that the recorded activity arises from chromaticsensitive units within V1. Later components of lower field power were evident in the evoked responses and are thought to arise from extrastriate activity, possibly V4; these components form the subject of a separate investigation (Fylan et al., 1995) . We determined chromatic response properties of area V1 by plotting the maximum global field power of the evoked response as a function of grating spatial and temporal frequency. The spatial-frequency tuning function peaked at 1-2 c/d, with some attenuation occurring in field power at lower spatial frequencies. The temporal-frequency tuning function was broadly lowpass, though the decline in field power was nonmonotonic, which provides evidence for the existence of at least two different types of temporally tuned chromatic-sensitive units.
The responses recorded following stimulation of each quadrant of the visual field with chromatic stimuli were well described by equivalent current dipoles with orientation predicted by the cruciform model of striate cortex. Such adherence to the cruciform model was not found by Aine et al. (1996) in their MEG investigation of the retinotopic organization of striate cortex. However, Aine et al. (1996) used luminance-modulated stimuli which evoke complex response morphology and activate widespread regions of visual cortex over a prolonged time period (Fylan et al., 1995) . This spatial and temporal difference in cortical activation suggests that chromatic and luminance information is processed differently in area V1.
The spatial-frequency tuning response recorded here showed some low-spatial-frequency attenuation, in contrast to the lowpass function determined psychophysically for red/green patterns (Mullen, 1985) . However, our experimental setup required a long viewing distance, precluding the use of more than one cycle of sinusoid for the lowest spatial frequency displayed. It is well documented that sensitivity to gratings varies with the number of visible cycles (e.g., Howell and Hess, 1978; Anderson and Burr, 1987) and this may have caused a reduction in field power at the lower spatial frequencies. This was investigated in a control study by recording evoked responses using two different field sizes (see Fig. 6 ). The results provide evidence that the reduction in field power at low spatial frequencies can be attributed to the small number of cycles displayed, with less than six cycles of sinusoid resulting in attenuation of the response. This may also explain the reduction in visual evoked potential amplitudes at low spatial frequencies with chromatic stimuli reported by Rabin et al. (1994) . Similarly, the magnetic evoked responses to chromatic gratings reported by Regan and He (1996) also show low spatial-frequency attenuation in one subject, although this was not commented upon and spatial frequencies below 1 c/d were not investigated. We conclude, as did Regan and He (1996) , that chromatic evoked responses are lowpass with respect to spatial frequency. In addition, we suggest that the chromatic units we have identified reside within area V1 of the human visual cortex.
The temporal-frequency tuning response was broadly lowpass, with a strong response occurring for stationary gratings (Fig. 7) , but was nonmonotonic. Above 1 Hz the field power increases, reaching a maximum near 4 Hz before declining to the noise level at 32-40 Hz. A similar pattern of temporal-frequency tuning for visual evoked potentials was reported to isoluminant yellow/ blue (Rabin et al., 1994) and red/green (M. A. Crognale, personal communication) gratings. The form of the temporal-frequency tuning function determined with either electrical or magnetic measurements leads us to suggest the existence of at least two different populations of chromatic-sensitive units, one sensitive to stationary or slow moving patterns and the other sensitive to fast moving patterns. Psychophysically determined sensitivity functions for chromatic gratings do not show a peak at 4 Hz (Kelly, 1983) although recent psychophysical investigations of detection-and direction-discrimination thresholds for chromatic stimuli are broadly consistent with at least two chromatic-sensitive motion mechanisms (Derrington and Henning, 1993; Gorea et al., 1993a,b) . It has been suggested (Kulikowski et al., 1996) that peaks in the temporal-frequency tuning function of the response to chromatic stimuli may arise from luminance artifacts within the stimulus. However, while this may account for the data described by Kulikowski (1996) in which the electrical responses to chromatic and luminance stimuli were of similar amplitude, the large difference in field power between the chromatic and luminance responses recorded here (Fig. 7) suggests that the chromatic response could not have been generated by the same mechanism as that underlying the luminance response. As discussed by Kulikowski (1996) , chromatic aberrations make isoluminant stimuli difficult to achieve. Furthermore, differences in the isoluminant point of different units within the visual cortex (Zrenner, 1983 ) make it unlikely that the luminance pathway can be silenced. However, the response of the luminance pathway to chromatic stimuli is not greater than its response to high-contrast luminance stimuli of the same spatial and temporal frequencies. Our data therefore demonstrate that the peaks observed in the temporal-frequency tuning curves are generated by the same population of cortical neurons that gives rise to the response to stationary chromatic gratings.
The principal response to chromatic stimulation showed changes in latency with temporal frequency that were similar for all four subjects (Fig. 8) . The latency increased with temporal frequency up to 8-16 Hz and thereafter decreased to values earlier than those recorded using stationary gratings. This is suggestive of a transition from a low-temporal-frequency selective mechanism to a high-temporal-frequency selective mechanism. The responses at high frequencies must arise from chromatic units as the 100% contrast luminance response is of significantly lower field-power than the chromatic response at these temporal frequencies (Fig. 7) . These results are indicative of a third population of chromatic units, sensitive to high velocity targets. This may be why in two subjects the temporalfrequency tuning curves show evidence of an additional peak at 10-20 Hz. Examination of Fig. 9 shows that the response to all temporal frequencies originate from a single visual area, namely V1.
We have demonstrated that the principal component of the evoked magnetic response to chromatic stimuli, recorded from over the occipital cortex, arises from neural activity within cortical area V1. We further show that, for red/green patterns, this area is maximally responsive at low spatial frequencies (,4 cpd) and shows a multimodal temporal-frequency response, peaking at 0 and 4 Hz. Our results support the hypothesis that chromatic-sensitive units in the human visual system play an important role in processing motion information.
